Vibro-acoustic source characterization is an essential task in vehicle development to enable prediction of receiver response. For structure-borne noise, the interface forces in multiple degrees of freedom due to internal loads are often quantified for root cause analyses in a single system assembly, as in transfer path analysis (TPA). However, for a reliable prognosis of the acoustic performance of a known component such as a motor or pump, a receiver-independent source characterization is required, and the method of acquiring blocked forces from in-situ measurements has been shown to be a preferred technique for such purposes. The benefits of the method are the characterization of the intrinsic properties of the source and the possibilities of measuring the component attached to receivers with varying dynamic properties.
Introduction
In automotive development, tools and methods for structure borne noise diagnosis and prognosis are essential. The structureborne receiver response (e.g. sound pressure, vibration velocity) due to a vibrating source is caused by its internal forces and the transfer functions relating source and receiver. The internal forces are often difficult to model or measure, so instead, equivalent operational interface forces are typically used. In most situations, direct load determination by force transducers mounted at the connection interfaces is practically difficult. Indirect determination of loads in multiple degrees of freedom are often performed by inverse methods which are widely used in transfer path analysis (TPA), a diagnosis tool which enables separation of partial path contribution from the total sum. Each partial contribution can further be broken down into source strength (force) and system sensitivity (transfer functions), providing useful underlying information about a noise issue. Comparing the reconstructed response resulting from the partial contributions of all accounted transfer paths with a measured response is a common method for judging the quality of a classical TPA-model. One major disadvantage associated with classical TPA based upon inverse force synthesis is that the source needs to be mechanically decoupled from the receiving structure when measuring transfer functions between the interface and receiver. In many cases, this operation is time-consuming and can induce errors related to the decoupling stage. Also, and very important, is that the interface forces derived from classical TPA are not valid for predicting the response when the same source is assembled to a dynamically different receiver. For such a prognosis, an independent source characterization is required. Elliot and Moorhouse et al. [1] [2] [3] [4] [5] have in recent years illuminated the blocked force as being beneficial for intrinsic source characterization. The blocked force is analogous to the open-loop voltage in electrical networks and can be estimated in-situ from e.g. operational velocity and mobility. This approach is often more practically realizable compared to direct measurements of the blocked force which requires blocking of all interface degrees of freedom (DoF). In [1] , the blocked force was validated in-situ for two source-receiver assemblies consisting of beams with two rigid connections, and with force excitation in one single DoF. It was also shown that the interface forces varied while the blocked forces remained the same for the two different assemblies. In [2] , the in-situ method for acquiring blocked forces was experimentally carried out on wind turbine prototype assemblies with different receiver poles. The validation of the independent source properties were in the two studies above mentioned performed through the following steps: first, the blocked forces for one source-receiver assembly is derived. Then, those forces are applied to a dynamically different receiver and the velocity response is calculated. Finally, the reconstructed velocity on the second receiver is compared to the directly measured response on the second receiver. This is an elegant way of verifying that the blocked force estimates are unaltered instead of comparing them directly especially in the case of multiple interface DoF.
There are apparently major potential benefits associated with the blocked force methods. Besides the advantages of reducing the time effort and avoiding potential errors thanks to the possibility of working in the source/receiver coupled state, the outcome of a TPA can be further utilized for making reliable prognoses. For instance, the same blocked forces can be re-used in calculations where the receiver is modified/improved. Another advantage is that the blocked forces of a source may be determined for receivers with various boundary conditions. The alternatives to in-situ conditions (for automotive applications meaning a prototype or production vehicle) as in the case of TPA, are quasi-free boundary conditions (the free velocity approach is standardized in ISO 9611:1996) [3] or in a test bed or other fixture with no particular stiffness requirements. Finally, the blocked forces can also be obtained directly by force transducers if the receiver structure can be made perfectly rigid.
There are only a limited number of case studies on more complex assemblies available to date. One exception is [6] , where a blocked force tensor for a rigidly mounted oil pump connected to a truck engine proved to be successful. Also, Elliott et al. [5] showed that TPA based upon blocked forces obtained from insitu measurements provided at least as good results as the classical inverse force synthesis method for structure-borne road noise, with the added value of reducing the time effort by 50%.
In this work, we wish to highlight practical aspects related to in-situ measurements of blocked forces for automotive engineering applications. The objective of the paper was to investigate the following:
1. By what accuracy can the response for one source/receiver assembly be reconstructed from blocked forces obtained from measurements of the same source but being attached to other receivers, yielding dynamically different assemblies? 2. By what accuracy can the structure borne sound from an electric motor transmitted into the cabin of a car be estimated by contribution analysis based on blocked forces obtained with the in-situ method?
The results provide information on the expected accuracy of the in-situ blocked force method when used in automotive applications. First the findings from measurements on a vacuum pump for brake pressure attached in three connection points to a rig-mounted bracket, which boundary conditions were altered, are presented. The operational excitation included both lateral as well as in plane forces acting on the receiver. Secondly, a blocked force TPA case-study concerning electromagnetically induced structureborne tonal vibration and noise from a double-isolated electric rear axle drive (ERAD) installed in a passenger car is described. Limitations and applicability related to the two cases are discussed.
Theory
In many structure-borne noise applications related to automotive NVH, the problem to be solved can be illustrated by the sketch shown in Fig. 2.1 . The source A is connected to a receiver B, either rigidly or through vibration isolators, therefore forming the coupled assembly C.
Examples of source A can be a cooling fan, a pump, a compressor, or an electric motor. The receiver B can typically be the vehicle chassis or body. A and B are connected at the interface (c), involving several contact points and coupling directions. For the case of A and B being connected through vibration isolators, it is convenient to include the isolators in the receiving structure B, but its dynamic properties can still be identifiable in the equations if a parameter study on the isolator's stiffness is planned. Assembly C has a vibro-acoustic response due to internal forces located at (a) which cannot be measured or accessed. This vibro-acoustic response could either be a velocity response, v C;b , on the receiver B at (b) or a sound pressure level, p C;d , when receiver B is coupled to source A.
The blocked force method and its' applicability
If a source A is to be characterized, the free velocity v fs can be measured at the likely contact points between A and B. v fs is the velocity of structure A hanging free and running at the assumed operating conditions. A better way to characterize the source is to derive its blocked force, f bl , which is the force applied at the contact points to neutralize v fs . f bl reads [7, 1] f bl ¼ ½Y A;cc À1 v fs ð2:1Þ Y A;cc is a 9 * 9 square matrix for each frequency in the case of three contact points with three DoF each. Y A;cc is the mobility at (c) when excited at (c) on structure A alone.
In many cases, it is practically not possible to operate the source in free conditions or it is suspected that the internal forces of the source can be influenced by the large installation difference between free-free and coupled boundary conditions. Therefore, the blocked force f bl can also be estimated in-situ on an assembly C involving Y C;bc and using the following relationship: 
ð2:2cÞ
A final expression involves the well-known sub-structuring relationship [1] expressing Y C;bc of an assembly C as a function of the mobility matrices of the uncoupled source A and receiver B:
including the stiffness matrix K of the isolation bushings between the source and the receiver if there are some. Therefore, Eq. (2.2b) can further be written as
ð2:4Þ
The goal is to derive the blocked force f bl of a source A and to apply it to an assembly C in order to predict the velocity response v C;b . Often the receiver B does not exist yet but its structural dynamics can be obtained using finite element modeling (FEM).
There are several uncertainties associated with sub-structuring when dealing with measured or modeled data. The challenges of fully succeeding with the coupling of sub-structures are perhaps the most critical part in the prognosis of structure borne noise. This study is limited in terms of further sub-structuring examinations. Nevertheless, the gathered Eqs. It is important to point out that the blocked force f bl is valid through the whole process provided that the source is not structurally modified, and as long as the operating conditions are kept similar.
Transfer path analysis
For linear and time-invariant structures, Transfer Path Analysis, TPA, is a common tool used in the automotive industry for diagnostics and ranking of the noise sources together with their transfer paths. The generic formulation can be written as:
5Þ p out is the receiver response that could either be noise or vibration, Y S out;int the transfer function matrix of system, S, from force interface to output location and F int interface forces.
The source is an operational dynamic load at a pre-defined interface location. In general it is difficult to perform direct measurements of the operational dynamic load. Therefore a number of different methods are available for quantifying the excitation. The most common methods are:
Path decoupling [8, 9] . Complex stiffness method [9, 10] . Inverse Inertance method [11, 12] .
Transfer path analysis in combination with hybrid analysis is also becoming a tool for making NVH prognosis [13] . The fundamental principle is to be able to predict the operational load with analytical models or from a test rig and to be able to combine the operational load with transfer functions to predict the future vehicle response.
Many of the components used in car development projects today are off-the-shelf parts, e.g. they already exist in current vehicle production. Using the component's source characteristic, i.e. blocked force, together with a finite element model of the complete vehicle, a prediction of the vehicle responses could be done early in the vehicle development phase, before physical prototypes of the vehicle exist.
For a generic system shown in Fig. 2 .1 the target vibration and sound pressure responses of interest could be estimated from Eq. (2.6).
Here Y C;bc and Y C;dc are the matrices of vibration and noise transfer functions for the coupled system C when force is applied at the interface (c). f bl is the blocked force vector at interface (c).
Experiment: Vacuum pump
For validation of the blocked forces from in-situ measurements, a pump for providing brake vacuum mounted to a bracket was used. In its real environment, the bracket is integrated to the car body. For the experiments, the pump and bracket was instead mounted in a laboratory rig (see Fig. 3.1) .
The bracket was equipped with seven triaxial accelerometers where six of them acted as indicators for the indirect determination of the blocked forces and one as target response (the Z-direction of the target accelerometer is presented in the result plots). There was no particular strategy for deciding upon the accelerometer positions aside from having them remote from the interface points and also spread out over the receiver. For the frequency response function (FRF) measurements, impact hammer excitation was executed at the three connection points in the three translational directions X, Y and Z. Transfer mobilities to all accelerometers were calculated with the H1 estimator. The frequency resolution was set to 1.6 Hz and the number of averages was seven. It was assumed that the distance between the origin of the internal pump forces and the connection points would provide a lever effect so that the influence of moments acting on the receiver would be small. Therefore, rotational DoF were not measured in order to simplify the experimental procedure.
The vacuum pump was driven by an external power supply in steady state mode during 30 s for each run. The X-direction channel of the accelerometer circled in Fig. 3 .1 acted as phase reference for calculation of operational spectra.
The procedure for the operational measurements and FRF tests was repeated in the same fashion for four types of assembly configurations. For two of the assemblies, soft rubber bushings were used at the interface between the pump and the bracket while the remaining two configurations employed bolts as connectors. The boundary condition between the bracket and the frame work was either fixed or free. Fig. 3.2 illustrates the difference between the fixed and free case.
The four assembly cases are from now referenced as ''bushedfixed", ''bushed-free", ''bolted-fixed" and ''bolted-free". To verify that the four assemblies were dynamically significantly different, the summed FRF for each assembly was plotted (see Fig. 3.3) for providing a general and global comparison.
In-situ results
The question addressed is how well an operational response due to a source in one assembly can be reconstructed from blocked forces estimated from the same source but mounted to a different receiver. Blocked forces were estimated for each of the four assemblies. A relative threshold of 1% was used for the truncation of each of the four mobility matrices, constraining the condition number to not exceed 100, in order to omit the least significant singular values for removing measurement noise or redundant information.
Pump bolted to bracket
First, the measured operational target response on the bolted/ fixed assembly was compared to the reconstructed response (the summed products of each blocked force and the respective source-target transfer function as in Eq. (2.6)) from the same assembly. The differences are very small throughout the entire frequency range (compare the (iii) and (ii) in Fig. 3.4) . This indicates that the quality of the measurements was satisfying (e.g. positioning of sensors, signal-to-noise ratios, impact excitations). Fig. 3 .4 also includes the response reconstructed by forces obtained from FRF and operational measurements of the bolted/free assembly (blue dotted curve).
For frequencies between approximately 430 and 600 Hz, the fit is again typically within 3 dB. From Fig. 3.3 it is apparent that the two assemblies behave rather similarly dynamically in that frequency range. In other frequency ranges such as 120-140 Hz and 180-200 Hz, there are deviations between the two reconstructions of about 10 dB. Again from Fig. 3.3 , it is evident that the bolted/free assembly has an anti-resonant behavior in that range, which is Fig. 3.1 . Left -the pump/source (in red) which is connected to the bracket/receiver (in green) through three interface points (in blue). Right -Assembly setup for the experiments including the six indicator accelerometers (marked with green dots) and the target accelerometer (red circle). The pump is here bolted to the bracket which in turn is fixed to a frame work. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 3.2 . The drawing and the photos illustrate the difference between the ''fixed" and the ''free" relation between the bracket and the frame work.
likely to cause errors in the matrix inversion process. This will be further discussed in Section 5. The most important frequencies regarding perception are however those where the peaks in the spectrum are located. The difference is typically within 3 dB for most of the peaks corresponding to the pump's 10 most prominent orders (see bottom plot, Fig. 3.4) .
The blocked forces estimated from the two bolted assemblies are plotted for each interface DoF in Fig. 3 .5. The plots indicate that the global trends for the estimated forces between the two conditions are similar but local differences can be significant.
Pump mounted to bracket by rubber bushings
The same comparison was done for the two bushed cases and the result is depicted in Fig. 3.6 . Here, the bushings were chosen to be part of the receiver in order to not modify the source between the bolted and bushed cases. The vibration response is now reduced by the insertion loss due to the bushings (note the different y-axis scale between Figs. 3.4 and 3.6). Again, the sum of partial contributions agrees almost fully with the measured response for the bushed/fixed assembly (compare (iii) and (ii) in Fig. 3.6 ). The velocity reconstructed by forces estimated from the bushed/free assembly and FRFs to target measured at the bushed/fixed assembly deviates from the measured response a little more (blue bars bottom plot, Fig. 3.6 ) compared to the previous case in Fig. 3.4 . This is not very surprising since soft rubber bushings between the source and receiver make the FRF measurements more challenging.
Pump in quasi-free conditions
The pump was also measured in quasi-free conditions (hanging in elastic bands) as an alternative experimental method to derive the blocked forces. In this configuration, the blocked forces were obtained from only three triaxial accelerometers, positioned at the attachment points both during FRF tests and operational tests. If the reconstructed velocity from those blocked forces is added to the curves in Fig. 3.4 , several interesting observations can be made. From Fig. 3 .7a, it is clear that the response reconstructed from free velocity measurements of blocked forces deviates substantially from the response reconstructed from the bolted assemblies. On the other hand, it fits rather well to the response reconstructed from the two bushed cases (see Fig. 3.7b ). This indicates a change in source activity between the quasi-free and the bolted conditions that has not been accounted for when measuring the sets of transfer 
Reconstruction error at peaks, bolted/fixed
Frequency (Hz) Velocity (dB) Fig. 3 .4. Top -Target response for bolted/fixed reconstructed from (i) blocked forces obtained from the bolted/free assembly, (ii) blocked forces obtained from the bolted/fixed assembly and (iii) measured response on the bolted/fixed assembly. Bottom -Difference in level between (iii) and (i) (blue) and (iii) and (ii) (green) displayed for the 10 most prominent peaks in the spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) mobilities on the receiver side. Hence it seems more likely to generally achieve better results when conducting blocked force measurements in-situ compared to utilizing the quasi-free approach. The blocked forces estimated from the quasi-free measurements are compared to estimates from the bushed cases in Appendix A for Point 1.
Remarks
The predictions related to these experiments were limited in the sense that the mobility matrices of the source, the mounts and receiver alone were never measured. Instead, the left hand expression of Eq. (2.3) were measured directly in order to short-cut the in reality often needed sub structuring process. Again, sub structuring itself is very challenging and practical explorations are left out of the scope in this work.
TPA in complete vehicle
This section deals with the findings from a blocked force TPA on a complete passenger car. The purpose of the tests was to investigate whether the interior sound pressure due to structure borne noise from an electric rear axle drive could be reconstructed successfully. In comparison to the vacuum pump case, this is an example of a double isolated suspension system (see Fig. 4 .1) and the response target is interior sound pressure at outer ear positions in front and rear seats rather than bracket vibrations.
Three rotational-speed-dependent components (orders) originating from the electro-magnetic forces are prominent at take-off from stand still up to about 20 km/h. For higher speeds, these harmonic orders are masked by the tire/road interaction noise. Fig. 4 .2 displays the interior sound pressure (co-driver's outer ear position) for this specific driving condition. As can be seen in Fig. 4 .2, the three orders have poor signal-to-noise (SNR) ratio in several frequency bands. Having strongly coherent response with respect to the exciting force is crucial for the quality of the reconstructed response, which will be shown.
Test procedure
The strategy for obtaining the blocked forces in the three translational directions on the source side of the ERAD bushings and acquiring the necessary data for performing the blocked force TPA can be summarized in the two following measurement steps:
1. FRF measurements with force excitation by impact hammer at the four locations marked with red crosses in Fig. 4 .1, acceleration measured at the eight locations marked by green dots and target interior compartment sound pressure at the four locations marked by stars. The latter quantity is often referred to as a noise transfer function (NTF). 2. Operational measurements where acceleration and sound pressure are recorded, at the same locations as during the FRF measurements.
Generally for obtaining blocked forces from in-situ measurements it is faster to measure all the transfer functions direct, meaning force input at the blocked force points in contrast to the reciprocal alternative. Thus, the accelerometers do not need to be moved between operational and FRF measurements. The accelerometer indicator positions were spread out over the primary substructure of the receiver -the subframe, in order to achieve as clean data as possible for estimating blocked forces. During the FRF measurements, the vehicle was lifted (in order to access the impact points) at the wheels in order to get the correct loading of the wheel suspension. Transfer mobilities to all accelerometers were calculated with the H1 estimator. The frequency resolution was set to 1 Hz and the number of averages was three. Again, the moments and angular movements were not measured due to practical reasons.
The operational tests were run on a road with a moderate upward slope in order to increase the loading of the electric drive. The spectra were obtained by tracking the 10th, 30th and 90th orders with order bandwidth of 1, 3 and 9 respectively. The X-direction of one of the indicator accelerometers acted as phase reference. Although the entire sweep up to 1500 rpm was approximately 30 s long, the 90th order is present only up to about 340 rpm corresponding to an acquisition time less than 6 s. It is important to point out which factors that can influence the agreement between the measured and reconstructed acoustic response; the coherence of the NTF (which was not always satisfying), the influence of two persons in the front seats during the operational measurements but not during the FRF tests, the temperature difference between the two on-road operational measurements and the FRF tests. Therefore, for the follow-up analysis, one of the subframe accelerometers was acting as target response. For this case the identified factors which had impact on the reconstructed interior sound pressure were less influential. The measured subframe acceleration and the reconstructed acceleration are displayed in Fig. 4.4 .
TPA results
Clearly, the fit is significantly improved compared to the interior sound pressure case. As always when it comes to measurements, high quality signals are essential in order to achieve good results. For blocked force TPA, a general recommendation is to put effort in achieving a high coherence in the FRF measurements and good signal to noise ratio in the operational data.
Discussion
From the two case studies on the vacuum pump and ERAD, the in-situ blocked force method proved to be an attractive method for determining vibro-acoustic source activity. Performing a conventional TPA on an electric powertrain (see e.g. Anderson et al. [14] ) implicates high complexity with respect to the installation. Drive shafts, engine mounts, electric harness and cooling hoses need to be separated from the source which makes the process more protracted. An electric powertrain is an example of a source being subject to both airborne and structure borne noise which will be carried over from one hybrid car model to new hybrid car models. Hence, performing a blocked force TPA will in addition to the root cause analysis exemplified in the previous section also facilitate prediction possibilities.
The vacuum pump experiments show that as long as high quality in the measurement data (e.g. signal-to-noise ratio, coherence) is obtained, and no modification to the source activity is made, the response in a different source-receiver assembly can be reconstructed. It is not fully clear which factors that were mainly responsible for the discrepancies between the measured and the mixed reconstructed response. However, the non-ideal repeatability between the operations of the pump is likely to have had some influence.
Special caution should be made regarding modified source activity. It is important to understand if the underlying mechanisms of the internal forces are affected by changes in the receiver, e.g. by loading. For example, cases can exist where the internal force generation is unaffected by changes on the receiver but where instead the reaction forces at the interface are altered. Such a case could be when a very flexible source is rigidly connected to a rig that is exposed to stress in such a manner that the transfer between the locations of the internal force and interface reaction force are altered. Hence, a general recommendation when measuring the blocked forces is to strive for a test environment which is similar to the real in-situ environment. Blocked force characterization from in-situ measurements is also to be preferred since it is more likely that the loading of the source is more accurate compared to when the source is free-free or mounted to a test bed.
Numerical errors are often associated with the matrix inversion. Such errors may impact the magnitude of the blocked force. Attention should be made to truncation and regularization techniques for improving the potentially ill-conditioned nature of the mobility matrix which is to be inverted. Accurate positioning and sufficient number of indicator sensors will however reduce these potential uncertainties [15] , but are usually difficult to point out prior to the test. Extending the method from the frequency domain to the time domain would presumably reduce the influence of numerical errors. Also, as pointed out in [16] , the time domain approach also accounts for non-linear receiver sub-structures.
Apart from the fact that the process of performing a transfer path/contribution analysis using the in-situ blocked force method is faster compared to the conventional method, it is not prone to the potential errors associated with mounting/disconnecting the source from the receiver. In a recent study on a washing machine on a wood floor [17] , it was concluded that the structure-borne sound prediction from the coupled state led to more accurate levels compared to the prediction from independently measured components. In some cases, such as for ships and wind turbines [18, 2] , it might not even be an option to separate the source from the receiver due to practical implications. Finally, for component or system target setting of tolerable interface force levels for a future assembly, the blocked forces are essentially the only ones that are reliable due to their independent characterization. There are though major challenges associated with both a correct determination of blocked forces as well as using them in a finite element based sub-structure model that needs further exploration.
Conclusions
This paper has investigated the in-situ blocked force method further in the context of automotive vibro-acoustic sources. Experiments were made on a vacuum pump measured in nine degrees of freedom and fixed to a bracket that was modified in order to achieve different dynamical properties. The results showed that the forces derived from one source-receiver assembly could be used to reconstruct the response when the same source was mounted to a different receiver. Moments and angular movements were disregarded but seemed to have small (bolted case) or minimal (bushed case) impact on the reconstructed response. Further, the approach was extended to a transfer path analysis case where the interior compartment sound pressure was reconstructed from transfer functions and blocked forces of an electric motor drive estimated in-situ. For obtaining best possible reconstructed response it is necessary to obtain as good quality signal data as possible (coherence, signal to noise ratios). Caution should also be made not to modify the source activity severely by the installation if the blocked forces are obtained from rig measurements. The findings justify the use of the in-situ blocked force method as an appropriate and time-saving approach both for source characterization and troubleshooting for NVH engineers. 
